Top down proteomics in a TOF-TOF instrument was further explored by examining the fragmentation of multiply charged precursors ions generated by matrix-assisted laser desorption ionization. Evaluation of sample preparation conditions allowed selection of solvent/matrix conditions and sample deposition methods to produce sufficiently abundant doubly and triply charged precursor ions for subsequent CID experiments. As previously reported, preferential cleavage was observed at sites C-terminal to acidic residues and N-terminal to proline residues for all ions examined. An increase in nonpreferential fragmentation as well as additional low mass product ions was observed in the spectra from multiply charged precursor ions providing increased sequence coverage. This enhanced fragmentation from multiply charged precursor ions became increasingly important with increasing protein molecular weight and facilitates protein identification using database searching algorithms. The useable mass range for MALDI TOF-TOF analysis of intact proteins has been expanded to 18.2 kDa using this approach. (J F ragmentation of intact protein gas-phase ions, termed top down proteomics, is becoming more frequently utilized primarily in ion trapping instruments. As was first reported by Loo et al.
Top down proteomics in a TOF-TOF instrument was further explored by examining the fragmentation of multiply charged precursors ions generated by matrix-assisted laser desorption ionization. Evaluation of sample preparation conditions allowed selection of solvent/matrix conditions and sample deposition methods to produce sufficiently abundant doubly and triply charged precursor ions for subsequent CID experiments. As previously reported, preferential cleavage was observed at sites C-terminal to acidic residues and N-terminal to proline residues for all ions examined. An increase in nonpreferential fragmentation as well as additional low mass product ions was observed in the spectra from multiply charged precursor ions providing increased sequence coverage. This enhanced fragmentation from multiply charged precursor ions became increasingly important with increasing protein molecular weight and facilitates protein identification using database searching algorithms. The useable mass range for MALDI TOF-TOF analysis of intact proteins has been expanded to 18.2 kDa using this approach. (J Am Soc Mass Spectrom 2008, 19, 231-238) © 2008 American Society for Mass Spectrometry F ragmentation of intact protein gas-phase ions, termed top down proteomics, is becoming more frequently utilized primarily in ion trapping instruments. As was first reported by Loo et al. [1] , multiply-charged intact protein ions are formed via electrospray ionization (ESI) and can be collisionally activated to produce sequence-specific fragment ions. Typically, the fragmentation of highly multiply charged intact proteins results in a product ion spectrum displaying a multitude of product ions possessing a range of charge states making spectral interpretation challenging. The high resolving power and mass accuracy of Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometry has made this instrument platform the method of choice for the interpretation of the complicated product ion spectra produced by fragmentation of multiply charged protein ions. Indeed, automated interpretation algorithms have been constructed based on this approach [2, 3] . Using FTMS, proteins over 200 kDa have been successfully fragmented and sequence-specific product ion assignments have been made [4] . Lower mass resolving quadrupole ion trapping instruments have also been successfully utilized for top down proteomics experiments. To meet the challenge of spectral interpretation ion/ion reactions have been employed to reduce the product ion charge by subjecting the product ion population to proton transfer reactions, thereby resulting in the formation of predominantly singly charged product ions and a more readily interpretable product ion spectrum [5] . This strategy removes the product ion charge-state ambiguities arising from dissociation of large multiply charged protein ions and has been successfully demonstrated on ions as large as elastase (25.9 kDa) although it is limited by the m/z range of the instrument [6] . Matrix-assisted laser desorption ionization tandem time-of-flight (MALDI TOF-TOF) mass spectrometry has also been used to produce product ion spectra of intact proteins ions [7, 8] . One advantage of this approach is the selection of dominant singly charged precursor ions formed by MALDI and the resulting simplified product ion spectrum. However, the demonstrated mass range for such an experiment is only 12 kDa.
The most common ion activation method used in both FT-ICR and quadrupole ion trapping instruments for top down proteomics is collision activated dissociation (CAD) in some form. Specialty CAD approaches such as sustained off-resonance irradiation (SORI) CAD, very low-energy (VLE), and multiple-excitation collisional activation (MECA) have been explored in efforts to generate more sequence-rich product ion spectra from FT-ICR instruments. Electron capture dissociation (ECD) has proven to be a powerful method for generating rich product ion spectra [9 -20] . More re-cently, electron-transfer dissociation (ETD) has been demonstrated to provide extensive sequence coverage for proteins as large as 66 kDa in a quadrupole ion trapping instrument [21] .
In addition to the activation method, another factor that influences fragmentation of intact proteins is the precursor ion charge state. The fragmentation of a variety of proteins with different charge states was extensively investigated in McLuckey's laboratory, including human hemoglobin ␣and ␤-chain ions [22, 23] , insulin [24] , apomyoglobin [25] , ubiquitin [24] , ferro-, ferri-, and apo-cytochrome c ion [26] , ribonuclease A and B [27] , and native and reduced elastase [6] . To summarize this body of work, more primary structure information is obtained when intermediate charge states are subjected to CID and post ion/ion reaction.
As described above, recent work indicates that MALDI TOF-TOF instrumentation is able to produce fragments from intact protein molecular ions [7, 8] albeit with limited mass range. Predominantly singly charged ions are formed in the MALDI process; therefore, any potential advantage that intermediate or high charge states provide in fragmentation efficiency is lost. However, by varying the experimental conditions such as matrix choice, matrix solution, matrix/analyte ratios, crystallization conditions, sample deposition method, etc., multiply charged MALDI ions can be generated. For example, Frankevich et al. [28] reported that matrices with higher ionization energy, e.g., ␣-cyano-4hydroxycinnamic acid (CHCA), show a much higher yield of multiply charged protein ions. The influence of matrix solution conditions on the formation of peptide and protein ions was investigated by Cohen and Chait, which revealed that formation of high molecular weight analyte ions are favored in a matrix solution composition of 2:3:1 (vol:vol:vol) formic acid:water:actonitrile (isopropanol or methanol), especially with slow matrix crystal growth method [29] . By using a new sample preparation method, which involved the creation of a thin film of protein-doped (CHCA) matrix formed in the presence of glycerol on the top of a previously deposited pad of CHCA matrix, Zhou and Lee observed highly charged protein ions [30] . When the matrix/ analyte is co-crystallized on polyether ether ketone, an "electron free" surface, an unusually large fraction of multiply charged ions is produced, compared with the normally used stainless steel surface [28] . The charge state, as well as the signal intensity, is also related to the way the sample is spotted as evidenced by electrospray deposition of analyte resulting in multiply charged ions being produced at threshold laser irradiance [31] . There is one report of the use of multiply charged precursor ions in MALDI TOF-TOF experiments for protein identification in bacterial proteomes [32] that demonstrates the advantage of using multiple precursors to enhance database searching results.
In this report, we evaluate sample preparation conditions for generating multiply charged intact protein ions in a MALDI source, compare MALDI TOF-TOF product ion spectra generated from singly and multiply charged precursor ions, and expand the current protein mass limit for MALDI TOF-TOF analysis. It is anticipated that the additional product ion information generated through the use of multiply charged precursor ions will assist in automated protein identification in top down proteomics experiments.
Experimental

Materials
All proteins were purchased from Sigma Chemicals (St. Louis, MO) and include bovine ubiquitin, E. coli thioredoxin, horse heart myoglobin, and bovine milk ␤-lactoglobulin. The matrix, recrystallized CHCA, was purchased from Bruker Daltonics (Billerica, MA). Analytical grade acetonitrile and isopropanol were obtained from Fisher Scientific (Pittsburgh, PA).
Sample Preparation
Stock protein solutions were prepared in deionized water at a concentration of 50 pmol/L. Saturated CHCA solutions in 1:2 water:acetonitrile (vol:vol) or 1:3:2 formic acid:water:acetonitrile (FWA) (vol:vol:vol) were freshly made as the freshness of CHCA solution is very important.
The ultra-thin-layer method of sample preparation employed here was adapted from previous work [33] . Both the conditions of the matrix layer preparation as well as the composition of the matrix/sample solution were examined for maximum yield of multiply charged protein ions. First, saturated CHCA solution in 1:2 water: acetonitrile was diluted 4-fold with acetonitrile. This matrix solution was subsequently further diluted in either 1:4 or 1:9 (vol:vol) in 50% or 25% water/isopropanol (WI). A small aliquot (ca. 0.3 L) of the diluted CHCA solution was spotted on a 192-well stainless sample plate and air-dried to achieve a uniform ultra-thin matrix layer. An aliquot (0.5 L) of protein:saturated CHCA solution mixture 1:4 (vol:vol) was then applied on top of the dried ultra-thin matrix layer.
MALDI TOF-TOF Mass Spectrometry
All mass spectra were acquired on an Applied Biosystems 4700 Proteomics Analyzer equipped with TOF/TOF ion optics and a diode pumped Nd:YAG laser with 200 Hz repetition rate. The operating principle of this mass spectrometer was detailed previously [7] . The potential difference between acceleration voltage and floating collision cell defines the collision energy, which was 1 keV in all experiments. Reoptimized instrument settings were employed to achieve optimal sensitivity [8] .
All the MS/MS spectra resulted from accumulation of window was utilized to obtain maximum precursor ion transmission. Generally, the width of mass window is set to 50 Da if the mass of precursor ion is less than 5000 Da, 100 Da for precursor mass Ͻ9000 Da, 200 Da for less than 12,000 Da, and 300 Da for precursors Ͼ12,000 Da. The maximum recorded product ion m/z ratio was limited by the instrument control software to the selected precursor ion m/z ratio. MS/MS data were acquired using the instrument default calibration which was updated daily with protein standards.
Results and Discussion
Effect of Sample Preparation
Previous studies revealed that sample preparation is critical for MALDI analysis [34] . The commonly used methods include dried-droplet, thin-layer, and sandwich preparation. Among them, the thin-layer preparation features higher sensitivity in the detection of peptide and proteins, and has demonstrated tolerance to salts [35] . The ultra-thin-layer method [33] , developed from the thin-layer method, facilitates the detection of membrane proteins in the presence of detergent when 1:3:2 FWI is employed as the matrix solvent. The matrix solution composition itself also plays an important role in the incorporation of analyte with matrix. Intense analyte signals were observed when 1:3:2 formic acid: water:organic solvent (isopropanol, acetonitrile, methanol) was selected as the matrix solvent [29] . In this report, 1:3:2 FWA and 3:1:2 FWA were used as spotting matrix solutions in the ultra-thin-layer method as the sample preparation method to examine the effect of sample preparation on the yield of multiply charged myoglobin ions. In Cadene's method, the ultra-thinlayer is constructed by applying diluted matrix solution to a whole sample plate (50 ϫ 50 mm) and leveling the ultra-thin matrix layer with a Kimwipe (Fisher Scientific, Pittsburgh, PA) [33] . Here, the ultra-thin matrix layer preparation was slightly modified by applying a further diluted matrix solution to the sample plate. Fivefold and 10-fold dilution of the matrix solution in 1:1 and 1:4 WI were examined. Figure 1 shows the myoglobin ion yield produced from different ultra-thinlayer preparations and spotting matrix solutions. The ion intensity represents the mean from three replicates, each with 10,000 laser shots. As presented in Figure 1a and b, the myoglobin ion yield (singly, doubly, and triply charged) was enhanced with ultra-thin-layer sample preparation compared to the dried droplet method, except for the 1:9 dilution in 50% WI /1:3:2 FWA preparation. Dilution of ultra-thin matrix solution in 25% WI yielded more protein ions, regardless of the spotting matrix solution employed. In addition, a higher concentration of formic acid in the spotting matrix solution results in more multiply charged protein ions as shown in Figure 1b where the yield of doubly charged myoglobin ions exceeds that of singly charged ions. However, the overall signal was lower with high formic acid concentrations, and these conditions may cause adventitious formylation and protein degradation. These results suggest that a combination of dilution in 25% WI of matrix solution and the use of 1:3:2 FWA spotting matrix solution provides enhanced yields of multiply charged protein ions.
Ubiquitin
Ubiquitin is an 8.6 kDa protein that has been extensively used as a model protein for tandem mass spectrometry (MS/MS) studies. MS/MS spectra of multiply charged ubiquitin ions have been collected by a variety of activation methods, including SORI-CAD [36] , laserinduced dissociation [37, 38] , BIRD [39] , ECD [20] , post ion-ion reaction [40] , and ETD [21] . Fragmentation of singly charged ubiquitin was also examined in a MALDI TOF-TOF instrument [7, 8] . In a recent study, doubly charged ubiquitin ions were fragmented by laser-induced dissociation (LID) in a MALDI TOF-TOF instrument [32] . In the present study, both singly and doubly charged precursor ions, shown in the insert in Figure 2a , were selected for CID in a MALDI TOF-TOF instrument. As stated in the Experimental section, the maximum m/z ratio recorded by the 4700 software is limited by precursor ion m/z. Therefore, for the doubly 233 charged ubiquitin ion, the maximum m/z recorded was 4283.86. As observed previously, the high mass region (Ͼ4000 Da) of MS/MS of singly charged ubiquitin ions features preferential cleavage to form b-and y-ions at sites C-terminal to acidic amino acids as well as efficient loss of water and/or ammonia from these ions. Thus, many of the observed product ions are clusters of signals separated by 17/18 Da. In addition to the product ions resulting from preferential cleavage (y18 and y24), some nonpreferential cleavage products are also observed in the low mass region, for example y19 [S-D] and y22 [R-T] ions. An increased number of nonpreferential cleavage products are produced when doubly charged ubiquitin ions undergo CID, as shown in Figure 2b . These include the y11, y14, y16, and y17 ions that are not present in the spectrum of singly charged ubiquitin. These signals provide additional information for protein identification. The b32 ion, centered at m/z 3573.3, is only present in the MS/MS spectrum of the doubly charged ubiquitin ion. Interestingly, the complementary fragment of b32 ion, the y44 ion, is observed in the MS/MS spectra of singly charged ubiquitin ions.
The mass resolution of the TOF-TOF instrument limits isotopic resolution of multiply charged product ions; however, there is evidence that doubly charged product ions, due to the generation of a doubly charged product ion and a neutral fragment, are present. As shown in the insert in Figure 2b , a group of unresolved signals with m/z spacings of 7 to 8Th indicate the possibility of the signal at m/z 3265.7 being doubly charged (singly charged ions should be mass resolved). The measured m/z ratios do not match any predicted singly charged b-or y-ions of ubiquitin. If they are considered as doubly charged ions, this cluster of signals can be assigned as the doubly charged y58 ion (preferential cleavage after Asp) and its associated water and ammonia losses. The results in Figure 2 are similar to those reported for LID of singly and doubly charged ubiquitin [32] .
Thioredoxin
Thioredoxin has been widely studied as a model protein for top down proteomics since preferential cleavage was first shown in a MALDI TOF experiment by Yu et al. [41] . TOF-TOF tandem mass spectra of singly charged thioredoxin have been previously reported [8] and are included in Figure 3 for comparison with spectra of multiply charged thioredoxin ions. As shown previously, efficient generation of preferential cleavage products occurs in the TOF-TOF instrument (Figure 3a ) leading to abundant product ion signals from the 12 kDa protein. When doubly charged thioredoxin ions were selected for CID, additional low mass signals were observed (Figure 3b ) that correspond to preferential (b15, b20, y23, b30, and y33) and nonpreferential cleavages (y25, y35). Also, doubly charged fragments of abundant signals seen in the spectrum of singly charged thioredoxin were observed. When triply charged thioredoxin precursor ions were subjected to CID, the same trend toward additional low mass product ions as well as doubly charged ions corresponding to preferential cleavage sites observed in the spectrum of singly charged thioredoxin occurred (Figure 3c ). The lower signal-to-noise ratio in Figure 3c is most likely due to the triply charged precursor intensity being ϳ10% that of the singly and doubly charged molecular ions (data not shown). Again, the additional sequence-specific information provided by the CID spectra of multiply charged precursor ions in the MALDI TOF-TOF experiment should enhance the ability to identify proteins via database searching algorithms (see below).
Myoglobin
To the best of our knowledge, only proteins with molecular weight less than 12,000 Da have been directly fragmented using TOF-TOF mass spectrometry. For higher molecular weight proteins, either the efficiency of fragmentation is poor or the product ions cannot be well focused or transmitted to the detector. Figure 4a shows a typical MS/MS spectrum of singly charged horse myoglobin (average MW of 16,950 Da). There is limited product ion information in the low mass region, such as y27, y3, and y44/b43-NH3 ions. In the high mass region, some unresolved broad signals appear, but are not interpretable in terms of providing sequence-specific information. MS/MS spectra of multiply charged (up to 3ϩ) myoglobin ions are presented in Figure 4b and c. The y17, y27, y31, y44/b43-NH3, and b44 ions dominate the spectra of multiply charged precursor ions and all correspond to preferential cleavage C-terminal to acidic residues.
The excellent signal-to-noise ratio and notable observation of the nonpreferential cleavage product ions y21, y29, and y36 caused further exploration of low intensity signals in the spectrum of doubly charged myoglobin. In the expanded region of 2500 to 4000 Th ( Figure 5 ), a nearly complete series of y ions were observed from y23 to y37 with only the y33 ion appearing in the noise. Although these signals are of low abundance, their presence indicates that substantial sequence information in the form of a sequence tag can be generated for intact protein ions up to 17kDa in mass.
␤-Lactoglobulin
The highest molecular weight protein examined in this study was ␤-lactoglobulin, MW ave 18,320 Da. The MALDI mass spectrum in Figure 6 (insert) indicates the abundance of singly, doubly, and triply charged molecular ions from ␤-lactoglobulin. The tandem mass spectrum of singly charged ␤-lactoglobulin did not produce sufficient product ion signals; however, the doubly charged precursor ion at m/z 9122 yielded a series of intense y-series product ions (y25, y32, and y33) resulting from preferential cleavage ( Figure 6 ). Additional product ions due to nonpreferential cleavages were also observed at lower intensities. Based on the results presented for myoglobin, we predict that if sufficient numbers of triply charged precursor ions can be generated, additional sequence information could be obtained.
Protein Identification
The use of peak lists generated from MS/MS spectra has been shown in preliminary studies with a custom algorithm to be useful for accurate protein identification most likely due to the specificity of the fragmentation observed [42] . In the present study, the use of MS-TAG (http://prospector.ucsf.edu/prospector/4.0.8/ html/mstag.htm) allows identification of all proteins except bovine ␤-lactoglobulin in the current study when masses from the product ion spectra (Figures 2-5) are input using a setting of "no enzyme" and inserting the correct species (Supplementary Material Table 1 , which can be found in the electronic version of this article). Likely, the few product ions observed for ␤-lactoglobulin prohibits accurate identification in this case and, as predicted above, if sufficient numbers of triply charged precursor ions could be generated along 
Discussion
The experiments presented in this report demonstrate the utility of multiply charged precursor ion selection in MALDI TOF-TOF experiments for generating sequence-specific information. Consistent with other tandem mass spectrometry results on a wide variety of instrument platforms, preferential cleavage C-terminal to acidic residues and N-terminal to proline residues is observed [7] . Moreover, selection and fragmentation of multiply charged precursor ions produced additional product ions, both preferential and nonpreferential cleavage products, as well as multiply charged product ions. Using appropriate choices of matrix and sample preparation methods to generate multiply charged precursor ions for subsequent CID, the applicable mass range of MALDI TOF-TOF experiments has been extended to 18.2 kDa. The sequence-specific information generated in these experiments can be utilized to search protein databases for protein identification.
Since the discovery of MALDI, it has been clear that sample preparation methods are critically important for the efficient ionization of macromolecules. It follows that sample preparation is also important for the generation of multiply charged protein ions. The use of the ultra-thin-layer method with diluted matrix solution in combination with a 1:3:2 FWA spotting solution provides adequate yields of multiply charged ions for MALDI TOF-TOF experiments.
The observation of product ions from multiply charged precursors is not surprising, given the extensive literature from electrospray tandem mass spectrometry experiments. It is interesting to note; however, that as larger proteins were examined in the present study, multiply charged precursors provided improved spectral quality and more extensive sequence coverage than singly charged precursors. This may be due to: (1) higher ion currents for multiply charged precursors using optimized sample preparation conditions, (2) more efficient transmission and focusing of product ions from multiply charged precursors, and/or (3) a true charge effect on efficiency of fragmentation. The charge effect may be manifested in at least two ways: (1) charge retention on larger numbers of product ions and/or (2) enhanced charge induced fragmentation efficiency. Given the charge repulsion model of Rockwood et al. [43] , it seems unlikely that the low charge states examined here would be subject to charge repulsion mechanisms.
Clearly, proteins of increasing mass are amenable to top down proteomics using the MALDI TOF-TOF platform. The sequence-specific information generated by this approach can be used in automated database searches to positively identify proteins (unpublished results). Thus, this experiment can potentially be accomplished in a high throughput manner. Indeed, Demirev et al. have demonstrated the utility of this approach in profiling bacterial proteomes [32] . A key factor in expanding the useable mass range will be the ability to generate multiply charged ions from MALDI ion sources: therefore, examination of MALDI sample preparation strategies, such as non-metallic surfaces [28] and electrospray deposition [31] or even the recently reported MALDESI approach [44] , is an important area of future investigation. Obviously, the analytical parameter space available for exploration is large, including sample preparation, activation methods, hardware/software improvements; however, the utility of the approach has been demonstrated albeit with a limited number of small proteins. High throughput top down proteomics analysis is potentially within reach using the MALDI TOF-TOF platform.
